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I. IONOSPHERIC P H Y S I C S

I.I Introduction

The ionosphere is usually denned M the region of the Earth's atmosphere
which contains enough electrons and ions as to affect the radio waves propagation.
With this definition the lower border could go down to BO km. The upper border
is undefined, but considered "by decree" about 1000 km.

The ionosphere existence has been postulated by Heaviside and Kennelly
in 1902, to explain propagation through long distances. The first direct observation
of downwards reflected radio waves was achieved by A ppl«ton and Barnett 23 years
later. The technics, basis of the actual lonosonde, was developed by Breit and Tuve
shortly afterwards.

A vertically directed pulse is reflected at the level at which the radio
frequency equals the plasma oscillation frequency

where N = electron concentration; e and m = electron charge and mass;

co = free space electric permittivity

JV(elect/ma) = (l/ea)4ir*ettm/J = 1.24 x 1 0 l 0 / J with f* In Me/* .

Historically, Appteton first discovered the ^-region. The more or less
accepted convention refer* to ionosphere below 9X1 km as D-region; £-region lies
between 00 and 160 km; F•region above 160 km. Any structure within a region is
usually denoted by adding a subindex 1,2, . . . to that the Fi region lies below the
F3 peak. A rough idea is given by Fig. 1 *).

1.2 Phototoniratlon

A fundamental process for creation of the ionosphere is the photoioniia-
tion. The theory was developed by Chapman *••*'. He derived a formula for the
ionization production rate q as a function of height n, and sun's zenith angle, x,
introducing the following simplifying assumptions:
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a) there b no waste of neutral atmosphere. The fraction of ionized gas is
extremely small;

b) there b only a single absorbing gas, with concentration n{h)\

e) the neutral gas bsubject to ideal gases l a w , p - n k - T ;

d) the atmosphere b plane and horizontally stratified. Chapman ex-
tended the theory to a curved Earth;

e) the solar radiation b monochromatic, with a photon flux I{h);

f) the scale height, B = kTfmg, b Independent or linear changing with
height;

g) the atmosphere b exponential. It means

Pin = »/«o = pfpo = «p(-(* - >k)/8)

when p = pressure, n — concentration, p = mass density and po, no.io
are values at reference level ho.

Calling 9 to the cross section for radiation absorption, n to the
ionising efficiency, and with the preceding assumptions, Chapman obtained the
final expression

where
f . = I « - 1 - f % . ! * s reduced height ={h- ho)/H

with m characterising the value of the parameter at the height of maximum pro-
duction. For sun overhead (x = 0), (1) becomes

«m. exp(l - v - (2)

where
««• = 4m • »ecx; V = (fc -

For a linear variation of H, T - dH/dh = constant, the final expression

- y -
(3)

where

i * •

Hm = ff«.(

Eq.(l) is reprewnted in Fig. 2 *'• It shows that

(i) q(h, x) maintains its shape when x changes,

(ii) the amplitude is affected by a factor cos x<

(iii) the maximum shifts to ym .

Eq.(3) shows a timilar behaviour, but the amplitude b affected by a
( c « x ) l + r factor. Analogue behaviour for ym but curves are broader.

I.S E-Reglon

The £-layer is considered a good approximation to the idealised Chap-
man layer, and Into a into photochemical regime, although transport processes
may produce significant perturbations.

1.3.1 lontsatlcm Sources Solar radiation at wavelengths shorter than 3200
A (320 nm) ia totally absorbed in Earth's upper atmosphere. Although UV region
accounts for lees than 7% of total irradiance, it is the principal source of energy in
the upper atmosphere and controls the neutral and ion composition, temperature,
and photochemistry in the stratosphere, mesoaphere, and thennosphere. This
aborption of UV is shown hi Fig. 3 4) .

Soft X-rays, 10-150 A(l-15 nm), and EUV from 800-1800 A (80 - 180
nm), ionize the E-region, except the interval including the Ly alpha, which acts
preferably at U-region. At ^-region O3 n the main absorber, forming O%. X-
rays would ionize all constituents forming N},O%, and O+. Due to subsequent
reactions, NO+ and Of axe the most abundant.

1.3.3 Chemistry In E-region, negative ions are virtually absent. Produced
by electron attachment, are rapidly destroyed by photodetachment in daylight and
quite rapidly by ionic recombination. Dissociative recombination of electrons and
molecular positive ions is the only important recombination process —» X++Y Z —»
XY+ + Z, recombining with electrons.



loos behaviour strongly depends of tun's width angle. AB can be seen in
Figs.4 and 5 *> NO* and O* are the moat important ion*.

The following table thorn photochemical reactions possible in E and F
regions

Photoionisation (rate,*)
(Ql)
(02)

Transfer or Interchange
O* + JV» - » N O * + N

NO* + NO

(rate coefficient,-y)
(Tl)
(T2)
(T2)
[T4)
(rs)
(re)

NO*+e-*N*+O*

Dissociative recombination (rate coefficient, a)
{Rl)
[R2)
[RZ)

Although NO >s a minor constituent, NO* is a major constituent of
B and Fl regions. This is so because NO* is an end product of the important
reaction Tl-» 0* + N7 -* NO* + N.

I.S.S Morphology Mixing processes predominant at lower levels, disappear
at E-ngwn, starting to predominate diffusive separation.

The understanding of the way free electrons distribute in the F-region is
important for ionosphere physics research. For radiopropagation, electrons mor-
phology is more important than that of the ions. The former affect the communi-
cations, the latter act in producing and/or destroying sources.

The critical frequency of the f!-layer, foE is controlled by the solar zenith

angle, as can be seen in Figs. 6 and 7 (Equinox and Solstice) •>.

Superimposed on normal JSMayer, and sometimes masking it in iono-
grams, one or more patches of denser ionixation exist at heights of 100 to 120
km. They are called "sporadic-E" layers because they do not show a "regular"
behaviour.

IGY definitions for sporadic-^ reflections are:

(1) random time of occurrence;

(2) partial transparency (echoes also obtained from higher layers);

(3) variation of penetration frequency with transmitter power;

(4) virtual height independent of frequency.

It is very difficult to infer the existence of localized ioniiation sources
as to produce £ . , because the sporadic1* lifetime is much greater (some hours)
than ions lifetime (few minutes). A good approach to the adequate model is the
wind-shear theory (redistribution of imitation) rh tt suggests that horizontal
winds in the ̂ -region neutral air support large vertical velocity gradients. As a
consequence shear efforts may appear. These shears can redistribute the £-region
ioniiation, Fig. 8 *> illustrates a possible process.

The wind drags the positive kms. They experience i f x f l force, being
driven at an angle to the wind velocity, so they accumulate within the shear. The
electrons, quite unaffected by neutral wind, move along magnetic field lines so as
to neutralise the space charge set up by the km motion.

This theory meets serious quantitative difficulties, which could be over-
come by supposing that the E, are composed of long-lived ions, such as metallic
ions. Experimental evidence shows the existence of Ca, Mg and Fe, specially Mg
with about a 70% of abundance. The origin is attributed to meteorites.

1.4 F-Reglon

The F-region corresponds to the densest layer of the ionosphere with
atomic O* ions ( 1 0 u to 1013 M *9) as the dominant component. An additional
subdivision may be found in F-region: the Fl-regkm, transition between molecular
and atomic ions, and the F2 region, with the peak of 0 + ions.

The F-region starts on the top of ^-region, at about M0 km, with an
undefined upper limit. The maximum electron concentration occurs from 250 to
500 km. Neutral gas constitutes the main part of the atmosphere at these heights
with a composition markedly different from that at lower regions. In the lower
F-region O and N?, with predominance of N%, are the principal constituents.

Because the F-region is responsible for HF communications, it is the most
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studied of the Ionospheric layers.

1.4.1 Fl-Layer It exhibit! a marked solar control. It appear* at dawn, reaches
a maximum near midday, and disappears at dusk. It only shows small perturbs
tions with respect to an o-Chapman layer. It is more pronounced during summer,
at minimum solar activity. At midday and near the equator, Fl reaches a peak
at about 100 km, with density of about 2.5 x 1 0 n m ~ 9 for equinoxes and solar

about 10 i am~* for solar maximum.

The critical frequency, foFl, if it corresponds to an o-Chapman layer,
should vary with the solar tenith angle, daily and seasonally as

with n = 4. However, n shows s seasonal variation, which seems to depend on
latitude.

Figs. 9 and 10 •' show the foFl maps vs. latitude and local time, for
June 1954 (solar minimum) and June 1958 (solar maximum). For solar minimum
there is symmetry, which does not appear for solar maximum Then, foFl would
be closer to a Chapman layer only during solar minimum.

The main source of ionisation of Fl region is the Lyman continuum and
the region of 20-35 nm. The predominant ions a n SO* and O* in lower FLO*1"
becomes progressively more important, being the major ionised component above
170-200 km.

1.4.3 ~r*2-Iteglon It has a very complex phenomenology, because it is strongly
affected by ionisation transport under the action of electromagnetic forces, diffu-
sion and temperature variations. The principal source for ionization of the F2-
region is the same as for Fl , with the addition of the 45-65 nm region. The F2
ionisation peak is formed because of the decreasing rate of electron loss process
with increasing altitude.

Negative ions are practically absent, consequently, dissociative recombi-
nation for electrons and positive molecular ions is the unique important process
X* + YZ -* XY* + Z\ XY + + « -* X* + Y*. A great proportion of the neutral
atmosphere is atomic, with production of atomic ions by photoionization.

Figs. 4 and 5 show that during daylight ions 30+ {SO*) and 32+ [O+)

are predominant below about 165 km, 16+(O+) becoming dominant above this

altitude. During the night the transition occurs around 220 km. Since neutral Oj
is a minor constituent, a greater part of O* should be produced by transference
reactions, which is true for SO*.

At some level above F2 peak, O* gives way to the protonosphere domi-
nated by H*. The boundary is strongly influenced by a charge exchange reaction

H*+O**H+0*

1.4.3 a-and 0-Chapman layers

o+
r,/

Rl
O* —• 0,0

no* —• s,o
T* t
Qi A3

JVj —• #* —» NtS

Operating with continuity equations suggested above far F-region, writ-
ing separate equations for electron concentration, S, for atomic tons, S* and
for molecular ions, S*j, considering charge neutrality (S = S* + Sf,), and ne-
glecting the direct production of molecular ions by photoionbation, the following
expression can be obtained.

1 L ! (4)

where a= dissociative recombination coefficient

1 = transfer or interchange coefficient

n{M] = molecular c » concentration

Limiting cs

o = oW1 if 0 » aS, so S*t » S*

q = 0S if 0«aN, so S*, « S*

From the positive root of Eq.(4)

(5)



the following expression* can be obtained

ft = Nm = V
if 40a « aq

which are equivalent to (S). Replacing (2) In (6)

(6)

(2)

expjjtl-tr-****"1')

7Va ia called an a-Chapman layer, and Np a /9<Chapman layer. Np applies
at greater heights. However, in the actual F-region the Chapman simple theory
doea not hold well.

1.4.4 Morphology The morphology of P2 is much more complex than that of
Fl , Fig. 11 ** show* foF2 global contours for equinoxes and solstices, for maximum
solar activity (1047) and minimum solar activity (1043-44).

Certain features of great scale, consequences of the F2 lonization solar
control, are common to all diagrams. The critical frequency increases after sunrise,
this increment being more rapid at low latitudes. A maximum is reached early in
the afternoon, followed by a rapid decrease after sunset. The critical frequencies
are greater near the equator.

The differences between the F2 layer global behaviour and that of a

hypothetic Chapman layer, called "anomalies", are as follows:

(i) The diurnal variation may be asymmetrical about noon, with rapid
changes at sunrise and slow changes at sunset. The daily maximum can
occur before or after noon in summer, and near noon in winter.

(ii) The diurnal variation does not repeat itself from day to day. This
makes prediction more difficult and because of its importance in radio
communications the F2 layer b the one for which accurate predictions
are valuable.

(iii) The seasonal variation is anomalous in several ways. Values for
foF2 at noon are said to be greater in winter than in summer - the winter
anomaly - although some recent results are demonstrating that this effect
manifests itself more at the north than at the south hemisphere.

f » A substantial F2 region b maintained at night,

(v) The Appleton or equatorial anomaly.

Briefly, three processes Can be pointed out which probably account for
most of the phenomena: (1) chemical changes, (2) diurnal heating and cooling,
and (3) winds and electric fields.

The equilibrium electron density depends on the ratio OjN* and also
on O/O%. Seasonal anomalies could be due to seasonal changes in relative con-
centrations of atomic and molecular species, processes attributed to the global
circulation of the atmosphere.

The maintenance of the F-regiott during the night might be explained
by two processes, (a) the fact that plasma temperature exceeds that of neutral
air. Then, the plasma moves up to greater altitudes, where it is stored due to
the smaller rate of recombination. When the plasma cools at night, it moves
down again helping to maintain the F-region; (b) the replenishment from the
plasmasphere. The third major source of F-regkm anomalies is the neutral air
wind at heights around 300 km.

The equatorial F-region presents an interesting anomaly, called "Apple-
ton or equatorial anomaly". Based on a simple theory, the electron density should
be a maximum over the equator at the equinox. Actually the density falls to a
minimum over the magnetic equator and passes through msifinn at about +30°
and -30° magnetic dip. The anomaly exists during most of the day, being most
pronounced around sunset. Generally, it disappears after midnight.

The phenomenon could be explained by the "fountain effect" process.
Plasma v lifted through £ X B electromagnetic drift. An electric Geld to the east
and a horizontal magnetic field produce a plasma flow in the vertical, meeting
some field lines down which it may diffuse under gravity. Figs. 12 and 13 show
the phenomenon 10>-n>

A parameter responsible for several effects on earth-space propagation,
defined as the total number of free electrons in a column of unit cross section
along the path from a satellite to a ground station - Total Electron Content
(TEC) - exhibits almost similar behaviour than NmF2 (maximum F2 electron
concentration) «)•'»),

In addition to great scale regular motions of ioniiation, the F-region
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presents turbulent or Irregular movements, called Spread-F" because of their
appearance on ionograms, which show traces rather diffused. There are two main
types of spread-F, spread on frequency and spread on height (range spread), the
former attributed to strong scattering irregularities M><15>.

The frequency spread is classic at middle and high latitudes, being the
range spread typical of equatorial sones. Irregularities were measured over lengths
from hundreds of km to tens of cm.

Range spreading b often associated with "bubbles", biteouts of ion con-
centration in the night time equatorial spraad-F region. Highly structured upward
velocity within the depleted regions (~ 100 m/s) justifies the name bubbles. Ex-
periments confirm the existence of these vertical rising bubbles »•).«>.»•).

The effects of irregularities on radtopropagation are most important on
a path that crosses the equator. Efforts have been concentrated recently on the
effects of Irregularities on transionospheric propagation, where the problem of
Scintillation" is encountered. This scintillation b produced in a radiowave when
it traverses ionospheric irregularities, experiencing fading, phase deviations, and
angle or arrival variations.

I.S Transport In the Ionosphere

Electrons and ions are considered as a gas, a plasma, which is a mi-
nor constituent of the atmosphere. Like other gases, it b subject to gravity and
collisions! forces, and it is also acted upon by electric and magnetic forces.

The most important transport processes are:

(a) motion of kms and electrons by electric fields, these movements de-
pending on magnetic field and collision frequencies;

(b) motion of charged particles by neutral winds. In the E-region these
winds are mainly associated with tidal motions and in F-region they are
driven by daily heating and cooling of the atmosphere;

(c) Thermal expansion and contraction of the atmosphere by daily tem-
perature changes;

(d) Plasma ambipolar diffusion under the action of gravity and gradients
'in partial pressure, and due to electrical forces that tend to keep together

U
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both types of components, with both kinds of particles moving at the
same speed. Diffusion is more rapid In the upper than hi the lower F-
region.

The mathematics might be very complex involving continuity, motion
and energy equations, but many times special physical conditions in the region of
interest can help to reduce the set of aquations to a more easy handling form.

n . T H E M A G N E T O S P H E R E

II.1 Morphology

In the case of our planet, the magnetosphere can be denned as the space
region surrounding the Earth in which the geomagnetic field controls the behaviour
of the plasma it contains. It extends from the ionosphere up to 10 earth radii
towards the sun, and to more than 1000 earth radii in the opposite direction
(magnetosphere tail). This structure U created by the action of the solar wind
flux which compresses the daylight side of geomagnetic field lines and combes
them on the nocturnal side (see Fig.M) 10>.

The separation surface between solar wind and magnetosphere is called
magnetopause. Since the solar wind is supersonic, a bow shock in front of the
magnetopause b formed. Through thb bow shock the solar wind plasma b damped
and compressed. The region between the bow shock and the magnetopause b called
magnetosheath, and it is filled by subsonic plasma and turbulent magnetic field.

Other typical regions of the magnetosphere interior are: the entry layer;
located behind the foremagnetopause, b a region of direct capture of solar plasma.
Some of the entrance particles eventually precipitate into the atmosphere along
the geomagnetic field lines at high latitudes, but most of them are magnetically
reflected, escaping along the extended magnetic field tail. These electrons and
ions of solar wind origin, form the plasma mantle. Other fraction of solar wind
particles drift longitudinally around the earth, refilling the plasmasheet region at
the magnetic tall near the equatorial plane.

High energy ions and electrons, drifting in the geomagnetic field, form
an equatorial ring current. During a geomagnetic storm the ring current flux of
particles gets intensified. The general characteristics of the hot plasma that gener-
ate the auroral processes are not proper of the high latitude ionosphere, but they
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correspond to the plasmasheet. Particles of this region can deeply "dive" along
high latitude geomagnetic field lines into the atmosphere, collisioning with atmo-
sphere atoms and exciting them. They disexcite with emission of auroral light.
Besides the hot particles of the ptasmasheet and ring current, the ougnetosphere
contains electron! and protons even more energetic. They form the trapped or
Van Allen radiation belts. Deeper in the interior of the tnagnetosphere, at 4 or 5
earth radii, exists the plasmasphere, limited by a surface approximately aligned
with the field and called plasmapause. The plasmasphere is a large reservoir of
low energy plasma corrotating with the earth.

n . 3 Generation and Dynamics

The boundary of the geomagnetic cavity is a surface such that at every
point the pressure of the solar wind just outside the boundary is balanced by the
pressure of the geomagnetic field just inside. The field into the cavity is distorted,
with characteristics such as:

(a) the field lines from km latitudes still form closed loops between south-
ern and northern hemispheres,

(b) Lines emerging from the poles, and merged with interplanetary mag-
netic field (IMF), are swept back away from the sun (open fines),

(c) there are two high latitude field lines that intersect the magnetopause
forming neutral points (field intensity vanishes) when the boundary is
reached.

The magnetotall b perhaps the most remarkable feature of the magneto-
sphere and it is the source of phenomena that are visible from the ground. There,
the magnetic field tends to lie parallel to the solar wind downstream from the
earth. Beyond about 10 earth radii {RE), the field is deformed into a tail, whose
boundary with the solar wind is roughly cylindrical, the field pointing approxi-
mately towards the earth in the northern half and away in the southern half.

Two mechanisms for transferring energy to the magnetosphere have been
developed: Axford-Hines viscous interactions and Dungey magnetic merging. Re-
cent satellite observations suggest that both mechanisms are operative, but in
more complex ways than envisaged by early proponents.

The Axford-Hines model postulates that the magnetoeheath plasma, ex-
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erts a viscous force on a layer of unspecified thickness inside the magnetopause.
Magnetic field lines threading this layer are dragged b the antisolar direction and
are stretched to great distances in the magnetotail. As elongated flux tubes move
out of the viscous interaction layer they snap back to a more dipolar configura-
tion. Plasma trapped on the elongated flux tubes is adiabatically heated as the
flux tubes convect earthward and shrink hi volume (Pig. IS) **>.

The Dungey model postulates that the solar wtod-magneteophere dy-
namic interaction proceeds by means of a magnetic merging process. This process,
illustrated in Fig. 16, considers a magnetic field that at great distances above (be-
low) the X-Y plane points in the + ( - ) X direction. In the presence of an electric
field EY, magnetic field lines convect toward the X-Y plane. At the neutral line
(X-0 , Z=0), magnetic lines from the upper half space merge with field lines of the
opposite polarity from the lower half space. To the left (right) of the neutral line,
merged tines cross the X-Y plane with A+( - )Z component, and I x f i convect
away from the neutral line in the +(—) direction.

When considerations on convection processes are made it is necessary to
bear in mind that at these levels the fields S and & and the plasma drift velocity
V satisfy the "freering-in" equations

In which Vj. is the component of motion normal to S, Basically, the theorem
states that the ionised matter and magnetic field move in such a way that

(i) a set of particles, if connected by a field line, remains so connected at
all times,

(ii) any given tube of plasma bounded by a set of field lines always encloses
the same magnetic flux.

Now, coming back to the magnetic merging problem, it may be said that
for the process to be carried out there are several possible magnetic topologies.

The IMF, carried by the solar wind, does not practically play an obvious
role in viscous interaction model. However, the magnetic merging model assigns
important roles to the IMF, requiring three types of magnetic field lines (1) IMF
lines with both "feet" in the interplanetary medium (2) closed field lines with both
"feet- on the Earth, and (3) open field lines with one "foot" on Earth and the
other in the solar wind. The merging idea is illustrated Fig.17, a time history of
an individual field line.



Maglng ocean at time 1. Times 2 through S show the various stages of
antisunward motion of an open field line. At time 6, a portion of the field line
haa converted to the magnetic equatorial plane when it reconnects with an open
field line from the conjugate ionosphere. Under the influence of the dawn to dusk
electric field, the field line conveets earthwards (time 7 through 9). Eventually, the
connected field lines mom to the dayside (time 10) where they are in a position
to continue the merging-reconneetion cycle.

The plasmasheet, whkh is a highly dynamical region that acts as a de-
pository for auroral particles, using the merging process energy transfer energizes
the particles thai precipitating along geomagnetic field lines, generate auroras and
the auroral electrojet at the auroral ^-region, with magnetic substorm signatures
at ground.

m . M A G N E T O S P H E R E - I O N O S P H E R E COUPLING

The ionosphere and magnetosphere are coupled in so many different ways
that nearly every magnetospheric or ionospheric process has its origin or its effect
in the other link of the chain. The only way to approach to a full understanding
of the complex mechanisms in play is by doing a "systemic" study of the magne-
tosphere and ionosphere, that is, to view both as an entire system. However, to
synthesize, only the highlights of processes linking both regions will be presented.

It must be kept in mind that static ionosphere and magnetosphere never
exist. At moat, we must talk of "dynamic quietness" of the system.

m . 1 Quiet Conditions

Vasyliunas 3i> hat developed a theoretical model that illustrates the phys-
ical laws describing the magnetosphere-ionosphere coupling. Fig.18 is a reproduc-
tion of Vasyliunas' original diagram. Boxes indicate quantities to be calculated
and the label on each line refers to the physical principle or equation that links
the two physical quantities. External sources of particles, croes-magnetospheric
potentials, neutral winds in the ionosphere, are some of the imposed boundary
conditions. It is possible to enter at any point of the loops.

Greenwald **' has considered as invalid one of the simplifying assump-
tions, that of equipotential magnetic field tines, which means the existence of
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parallel electric fields. This fact Is fundamental at the expansion onset of sub-
storms.

Assuming that we have an initial idea about the distribution of magne-
tospheric electric fields and particles, we get

(a) first link; we calculate the motion and distribution of protons and
electrons in the magnetosphere, and hence the total plasma pressure at
any point.

(b) second link: from the plasma pressure gradients, we can calculate the
components of the electric current perpendicular to the magnetic field.

(c) third link: by calculating the divergence of the perpendicular current
and averaging over each flux tube, the magnetic field-aligned currents
(FAC) flawing between the magnetosphere and kmospere can be obtained.

(d) fourth link: from the requirement that FAC be closed by perpendicu-
lar ohmk currents in the ionosphere, it can be obtained the configuration
of the electric field in the ionosphere.

(e) Fifth and final link: the ionospheric electric field can be mapped
into the magnetosphere, and the requirement that it agrees with the
magnetospheric electric field assumed at the onset determines the field,
and thus closes the system of equations. Except near discrete auroral
arcs, the mapping may be done assuming that magnetic field lines are
equipotentials.

FAG are concentrated in three principal areas which encircle the geomag-
netic pole, the auroral oval Fig. W M> is a summary of those currents, for weakly
disturbed conditions.

1. "region 1" consists of current sheets which approximately follow the
auroral oval. The current flows into the ionosphere at dawn and out of
it at dusk;

2. "region 2" adjoins the above on the equatorward side, with opposite

polarities;

3. cusp currents are located poleward of region 1 in the cusp region and
are also of opposed polarities.

The fourth link specified above, involves a latitudinal localised Jono-
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spheric current, the auroral etoctrojet.

Downward current flow near noon diverge! into the ionosphere as the
eastward electrojet. Downward current flow near noon and in the late morning
•ector diverges into the ionosphere as the westward electrojet.

The current configuration sketched above suffers strong modifications
during substonn activity.

The discovery of energetic O+ ions conducted to a revaluation of the
sources of plasma which populate the magnetosphere. Prior to these measure-
ments, the prevailing idea was that the solar wind was the principal source of the
hot plasma throughout the magnetosphere. The discovery of O+ ions of obvious
ionospheric origin opened up * broad range of possibiliitea for plasma sources and
energisation mechanisms for low energy ionospheric ions of all species.

Ionospheric ions {Ht+ ,Bt++ ,O+,O++) have been observed in the plas-
masphere, ring current, magnetotail plaamasheet and lobes.

Two important processes led to the now accepted idea of ionosphere-
piasmasphere interchange during quiet conditions: the maintenance of the noctur-
nal F-regton and the nighttime enhancements in TEC »>.»>.»>.»>.

m . a Perturbed Conditions

In analogy with weather storms on Earth's surface, drastic perturbations
of the geomagnetic field from normal behaviour have been called geomagnetic
storms.

During a, period of high geophysical activity, when high-latitude magne-
tometers show very strong variations (bays) from normal conditions, which can
reach values over 1000 nT, magnetometer! at middle or equatorial latitudes may
show patterns like those indicated in Fig.20.

The classical magnetic storms consist of three phases:

(1) an increase of the magnetic field lasting a few hours (initial phase);

(2) a pronounced decrease in the H component, reaching a maximum in
about one day (main phase), and;

(3) a slow recovery phase in H, reaching normal values over several days.
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The initial phase is caused by the compression of the magnetosphere by
an intensified solar plasma, often related to solar nates. The second or main phase
could be explained by an electric current encircling the earth at a few earth radii,
the ring current. Space observations place it at 4-6 earth radii. It is produced by
the drift of protons to the west and electrons to the east.

The magnetic storm has associated perturbations of the neutral and ion*
ized upper atmosphere, with profound influence on its global morphology, consti-
tuting an important link in the complex chain of solar-terrestrial relations, since
their energy is ultimately supplied by solar wind. This subject is also of practical
interest since translonospherk and ionospheric radio communications and satellite
ephemeris predictions may be severely degraded during these events.

One of the most studied parameters is NmF7. Studies established that at
midlatitudes JVmf2 may be enhanced (positive ionospheric storm effects) and/or
depressed (negative ionospheric storm effects) during a magnetic storm (see f.i. M)M)).

Measurements of TEC show variations very similar to those observed in
NmF2, which means that NmF2 changes do reflect the behaviour of the entire F2
layer and are not simply due to * distortion of the tanisstton height profile.

The positive phase could be attributed to:

(a) increment In production, originated by an increase In solar's ionising
radiation; in auroral tones could be due to precipitation of particles from
the magnetosphere.

(b) downward plasma, flux from the plasmasphere, produced by its com-
pression. This flux would propagate along magnetic field lines (a "tooth
paste" tube effect).

(c) JS? x M drift of ionised particles from the plasmasphere, due to the
appearance of an adequate component of a great scale induced electric
field.

(d) lifting of plasma produced s i low levels up to heights where electron's
loss rate is smaller. This process may be produced by winds and/or
electric fields.

The negative phase could be attributed to:

(a) increment b the electron's loss rate, due to the increment of the loss
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reaction chemical coefficient earned by an Increase In ion's temperature,

(b) change* in the neutral composition.

No overview of magnetospheric-tonospheric disturbances would be satis-
factory without commenta on high-latitude rabatonna. It b during tubstorms that
the dynamic coupling between both region* b moat striking. The term substorm
actually embraces a chain of very striking events: the magnetaapheric substorm,
the auroral aubatonn and the ibnoapheric aubstorm.

The aurora b the moat readily observed consequence of the dynamic
behaviour of the magnetosphere.

Substonn effects can be only nndentood in the context of the magne-
tosphere aa a whole. The major points of agreement between various schools of
thought are:

1. During extended periods of northward IMF the magnetosphere ap-
proaches to a ground state (not excited state, in analogy to the nucleus).

2. Aa the IMF turns southward, magnetospheric convection increases.
This effect can exist for some time prior to substorm onset.

3. Substonn onset b signaled by an explosive increase In luminosity of
the equatorward arc and an intensification of the auroral etectrojet.

4. The expansion phase occurs from onset to the time when the midnight
sector arcs have undergone their most poleward excursions.

5. The reuweif phase coincides with the period in which the midnight
sector arcs retreat equatorward.

The different schoob met in August 1078 to specify substorm signatures
and to get some agreement on causes and effects of such a phenomenon 3 0 ) . Briefly,
the observations can be pieced together as follows.

1. At a southward turning of the IMF, magnetic flux is transferred from
the day to the night side of the magnetosphere. This process proceeds for less than
one hour in which potential energy, in the form of stored magnetic flux, builds up
in the tail. During this period the neutral sheet and current moves earthward to

leading to a tail-like field geometry at ~ 7RE.

2. At substorm onset, the neutral sheet current near the inner edge
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of the boundary plasmasheet b diverted via FAC through the ionosphere. Thb
leads to a collapse of the inner portion of the tail. In the ionosphere, part of the
energy release in the tail collapse, appears as an explosive brightening of the most
equatorward arc. As the inner-tail field lines snap back to dipolar, plasmasheet
electrons are rapidly accelerated by electric fields and injected to the vicinity of
geostationary distance. The process continues while B, remains southward.

3. When IMF turns northward the rate of flux transfer decreases abruptly.
If the IMF maintains a northward component for considerable time, the energy
stored in the tail b slowly dissipated and the magnetosphere relaxes toward a
ground state.

A new idea, developed m this decade, predicts the formation and expul-
sion of plasmoids at the mactutotaJl «)•»>•»).

At the instant of an auroral onset, a new magnetic neutral line, called
substorm neutral line, forms spontaneously in the plasmasheet about 15 RE down-
stream from the earth (see ?ig.21) M>. Thb neutral line causes the disruption of
the electric current that normally crosses the plasmasheet earthward of the line.
As a result thb part b suddenly reduced, so the magnetic field lines in the region
become less stretched and contract toward the Earth, becoming more dipolar in
shape. Meanwhile, the formation of a plasmoid has begun. The stretched field
lines at the new neutral line start to reconnect, forming shortened closed field lines
on the earthward side and closed loops on the taitward side of the neutral line.
The latter spans the distance from the substorm neutral line to the presubstorm
distant neutral line. The expubion of plasma from the reconnection region carries
the loops taitward and the shortened field lines earthward at speeds of several hun-
dred km/sec. When the reconnections are complete, a set of nested (plasmoids)
closed loops b free of the Earth. Its length b from 70 to 80 RK; its width from
20 to 25 RB- After the plasmoid forms, the surrounding open lines in the lobes
reconnect to form a sheath of interplanetary field lines, which act as a slingshot
propelling the plasmoid tailward at speeds of 500 to 1000 km/s.

IV. OTHER MAGNETOSPHERES P R E S E N T KNOWLEDGE (A

SUMMARY)

As was specified, a magnetosphere arises from the Interaction of a contin-
uously streaming collisionless plasma with a magnetised body. Presently known
magnetospheres scale from a few thousand kilometers in transverse dimension
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(Mercury) to over ten minion light yean (radiogalaxy NGC 1625) **».

Mariner 10 established that Mercury has an intrinsic magnetic field; the
Pioneer Venua Orbiter hat established that Venus has no significant intrinsic field.
The existence of a martian magnetic field is controversial. No unambiguous signa-
ture of the field has been reported. The outer planets Jupiter, Saturn and Uranus
are characterised by a now known strong intrinsic magnetic field. This section
will give only an overview of Venus (no significant intrinsic magnetic field) and
Jupiter's (strong intrinsic magnetic field) magnetoapheres

I V . l Th« Venus Magnetosphere

Unlike the Earth, Jupiter, Saturn, Uranus and Mercury, neither Mars
nor Venus have a significant intrinsic magnetic field. However, each one possesses
an envelope of well developed ionised gas (ionosphere). That is the reason why the
ionised cavities surrounding Mars and Venus a n called pseudo-m&gnetospheres.

The solar wind, during the interaction with Venus ionoaphere, builds a
bow shock detached from the planet, but much closer to it than in the case of
the Earth. This difference arises from the fact that the obstacle that creates the
bow shock is not the intrinsic magnetic field of Venus, but the small magnetic field
produced by the currents induced in the ionosphere by the solar wind flux. The
interplanetary magnetic field, which moves with the solar wind's plasma, cannot
penetrate the electrically conducting ionoaphere and accumulates in front of the
planet, forming a magnetic barrier to the solar wind.

Fig. 22 S4' shows altitude profiles of observed ionospheric magnetic
field (not intrinsic) and electron density for two orbits of the Pioneer Venus Or-
biter (PVO). The neat upper order, with a fast decrease in density, is called the
ionopause, it is a typical feature of the Venus ionosphere.

The measurements of Venera 0 and 10 revealed that Venus hss an Earth-
like extended plasma-magnetic tail which has a diameter slightly greater than the
planet V diameter (Pig. 23) **'. Immediately behind the nocturnal ionosphere
exist a cone-shaped region (C), the corpuscular umbra. There the fiux of ions is
weaker than downstream of the transition region (A). Region (E) is the plasma
sheet inside which the neutral layer is located. It separates oppositely directed
field lines.
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IV.3 The Jupiter Magnetosphere

In no way m Jupiter an ordinary planet. It Is the greatest one of the
solar system with a mass over the double of the mass of all other planets together.
Jupiter radiates more caloric energy than that received from the Sun. So, judging
from the energetic activity, Jupiter may be considered rather a weak star than a
planet. More than three decades ago it was discovered that Jupiter is a strong
emitter of radio noise, and the most brilliant radio source in the sky. This emission
originates in the internal part of an active and so big magnetosphere that, if it
could be seen, it would appear from the Earth as the greatest object in the sky,
and with variations from two to more than four times the lunar or solar diameter
(relative angular sites). Sixteen natural satellites are orbiting around Jupiter,
being IO possibly the most volcanic body known in the aolar system.

In the region inside 20 Jupiter's radii {Rj), the magnetic field is dipole-
like, except near the planet's surface where the structure of the field is more
complex involving magnetic anomalies. Farther of 20 Rj the magnetic field is
elongated (Fig. 24). The encounter of the Pioneer 10 with Jupiter revealed that
such a distended configuration exists even on the diurnal side, a fact that does
not manifest itself in the terrestrial magnetosphere. Such a configuration looks
qualitatively like the nocturnal Earth's magnetospheric tail.

Energetic particle measurements in the Jovian magnetosphere showed
time variations in phase with the 10 hours planetary rotation period M)<w).«o)
These observations are interpreted in terms of a physics model in which the Jo-
vian magnetosphere is inflated by ionospheric plasma, which is accelerated by the
corrotation centrifugal force. This process causes a disklike magnetic field configu-
ration on the diurnal side and a planetary wind of leak of plasma on the nocturnal
side which eventually evolves in a magnetic tail. Even before the arrival of the
first probe to Jupiter, Gledhill "> predicted the existence of such a disk. That is
why the disk is called the Gledhill disk.

Some of the questions that came forth were the following: which is the en-
ergy source that handles the wide variety of Jovian's magnetospheric phenomena?
Where do the plasma of the magnetodisk and of other places of the magnetosphere
come from? It appears that the energy is extracted from the rotational energy of
Jupiter itself; that is, its fast tum is being imperceptibly damped by the inter-
action with its own magnetosphere. Even more remarkable, the natural satellite
IO is the primary source of the plasma that populates the magnetosphere and the
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magnetodisk. Consequently, it appears that in Jupiter, unlike the Earth, the solar
wind does not provide neither plums, nor energy. It becomes more reasonable to
Ulk about the magnetoapheric system Jupiter/IO rather than the magnetosphere
of Jupiter.

The origin and distribution of plasma into the system ia rather simple
conceptually. Because of its volcanoes, 10 ia covered with condensed volcanic
material, mainly froten SO3. Part of this material is expelled from IO, because of
an intense bombardment by particles, with enough velocity as to escape from IO.
This material is further ionised by additional bombardment of particles, forming a
plasma torus near the orbit of IO, which is big and relatively massive in comparison
with the Earth's magnetoapherical plasma (1 million tons of SO-* against 10 tons
of material for Earth). This IO's plasma is transported and accelerated through
the Jupiter's magnetosphere, so creating the most extensive and most energetic
radiation belt of the solar system.
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Figure Captious

Fig.l Total ionizatlon profile with ionospheric layers.

Fig.2 Normalised Chapman production function versus reduced height Z. Pa-
rameter: solar tenith angle x (from Riahbeth and Garriott, 1969) •>.

Fig.3 The altitude at which the rate of abeorption of solar UV radiation is
at m&ximum. The principal atmospheric constituents that absorb the
radiation in the different wavelength bands are indicated (from Heroux
and Hintwegger, 1985) 4>.

Figa.4 and 5 Daytime (above) and night time (below) positive ion composition (from
Holme, et al., 1965)B>.

Figs.6 and 7 Maps of foE (from Davles, 1986) ">.

Fig.8 Idealised illustration of the wind-shear mechanism in the E region (from
Hines, 1964) '>.

Pigs.9 and 10 Maps of foFl (from Davlea, 1986) *>.

Fig.l 1 Maps of foF3 (median values) for (a) equinox, (b) June solstice for 1943-
44 (minimum solar activity), (c) equinox, (d) June solstice for 1947 (max-
imum solar activity) (from Martyn, 19S9) °>.

Fig. 12 Variation of NmF2 and of electron concentration at fixed heights with
magnetic dip, for noon on quiet days (September 1957) (from Croom et
al., 1959) l0>.

Fig. 13 Latitude variation of election concentration at fixed heights, from Alou-
ette I topside sounder satellite (Singapore, September, 1983) (from King
et al., 1967) »>.

Fig. 14 A magnetosphereic model drawn ny Heikkila (from Eather, 1980) ">.

Fig. 15 Equatorial projection of convection pattern in viscous Interaction model
(from Burke et al., 1985) *°h

Fig.16 Magnetic field geometry and electric field required for magnetic merging
(from Burke et at., 1985) OT>.

Fig. 17 Snapshot of magnetic merging between southward IMF and the earth's
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magnetosphere (from Burke et al., 1985) MK

Fig.18 Logic diagram for a self-consistent calculation of magnetospheric convec-
tion (from Vasyliunaa, 1070) ">.

Fig. 19 The spatial distribution and flow directions of large-scale field aligned
currents determined from data obtained during weakly disturbed condi-
tions (from Potemra, 1977) M>.

Fig.20 Representative magnetic deviations during magnetic storms. (After M.
Sugiura and S. Chapman, Abh. Akad. Wiss. Gottingen Math. Phys.
Kl. Spec. Issue 4, 53,1960).

Fig.21 Successive steps to the creation of a plasmoid during a magnetospheric
substorm (from Hones, 1986) M>.

Fig.22 Altitude profiles of observed magnetic field (thin trace) and ionospheric
electron number density (circles), measured at Venus (from Elphic et al.,
1981) *»'.

Fig.23 Schematic diagram of the Venus bowshoclc and magnetosphere (Venera
-9 and -10 daU) (from Gringauz, 1981) 3T>.

Fig.24 A cross-sectional view of Jupiter's magnetosphere in the plane in which
the North magnetic pole is up and the Sun is to the left.
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